Abstract. An obstacle detection method is proposed based on binocular stereo vision for manipulator. Firstly, images are preprocessed after camera calibration such as graying and distortion correction. Then, aiming at the defect that feature points are extracted mixed with many edge response points by traditional SIFT (Scale Invariant Feature Transform) algorithm, we propose wavelet transform to extract the edge points, and compare the edge points with feature points to further eliminate unstable feature points. Finally, the effectiveness of the algorithm is verified by obstacle detection and obstacle avoiding experiments. The results demonstrate that the improved SIFT algorithm can remove the edge responses that the DOG operator generates effectively, and improve the stability and anti-noise ability of SIFT algorithm compared with traditional SIFT algorithm.
Introduction
Manipulator with multiple degrees of freedom is widely used in the technology operation, hoist-transporting, equipment maintenance, aerospace and medical fields, because of its flexibility, simple structure and high speed, especially operates in narrow and limited space such as mine detection and searching. But most manipulators operate in the established path. Namely lack the adaptive capacity to the unknown environment. In order to avoid collision with the obstacles, the manipulator need to be equipped with corresponding sensor for acquiring the information of unknown environment, such as infrared, ultrasonic, laser, vision sensors, etc. A single infrared sensor or ultrasonic sensor is rarely applied in manipulators owing to the character of the degrees.
With the development of computer technology, the research on information acquisition is deeper. So vision system applied in manipulator is becoming a hot spot in current research. Big Dog robot of Boston Dynamics was installed the strong arm to grab objects and toss. It acquired 3D environmental information by binocular stereo vision and implemented path planning autonomously to avoid collision with obstacles [1, 2] . In 2011, the Unite States launched the Curiosity for research tasks on Mars, and the installed manipulator realized the collection of rock and soil samples by the navigation and visual system on the Mars [3, 4] . In 2013, Jade Rabbit which was equipped with visual system reached the moon. With the visual system, the installed manipulator could plan the path autonomously to realize the drilling, sampling and grinding, etc [5] .
According to the number of cameras, the visual system can be divided into the monocular vision, binocular vision and multi-vision. Compared with the monocular vision, the binocular vision can simulate the process that gets image information by human eyes, and then obtain depth or distance information of the environment. Multi-vision can obtain more image information, but higher cost, larger calculation, and more instability [6] .
In conclusion, this paper adopts the binocular vision system (binocular cameras) to test the obstacles in an unknown environment, and extracts and matches features by SIFT (Scale Invariant Feature Transform) algorithm, and then obtains 3D information of obstacles. Aiming at the edge response of traditional SIFT algorithm, we propose to adopt wavelet transform to improve the stability of SIFT algorithm. Finally, the feasibility and effectiveness of the proposed method for obstacle detection and obstacle avoiding experiments are verified.
Implementation Process
The process which binocular cameras test the obstacles in unknown environment summarizes in three steps :(1) binocular cameras calibration (2) image acquirement and pre-processing (3) feature extraction and matching by improved SIFT algorithm. The system structure is shown in Figure 1 . 
The Key Technology of Obstacle Detection
Feature Extraction and Matching SIFT Algorithm. SIFT, which means Scale Invariant Feature Transform, was put forward a kind of descriptor based on local feature by David G. Lowe in 1999 [7] , and made the complement in 2004 [8] . For affine transformation, rotation with different angles of two images, SIFT algorithm has stronger ability for matching. So it is widely applied in object recognition, map awareness of robot and navigation fields etc. The steps of SIFT algorithm are listed as follows:
(1) Constructing the scale space Gaussian convolution kernel is the only linear kernel for realizing scale conversion, and scale space of a 2D image is defined as:
Where,   , ,
x y  is the Gaussian function with variable scale, ( , ) x y is the image pixel coordinate, σ determines the degree of the image softness.
(2) Detecting the extreme point of scale space A point and a total of 26 points, which of its 3×3 neighborhood and corresponding to the upper and lower layers, are calculated and compared mutually. If a point is the minimum or maximum, then it is regarded as the extreme point.
(3) Refining the extreme points There are a lot of low contrast feature points and unstable edge response points in the detected image. The traditional SIFT algorithm removes them by the principal curvatures, and then obtains the candidate feature points.
(4) Calculating the amplitude and direction of the feature point In order to get rotational invariance of the image feature point, distribution characteristics of the gradient direction and the amplitude of neighboring pixels are used to calculate the amplitude
(5) Generating the feature point descriptor First, the coordinate axis is rotated in the direction of the feature point. Then 16×16 (pixel) region which is centered on the feature point is obtained, and it is divided into 16 4×4 (pixel) sub-regions. Finally, the gradient histogram of the eight directions for each sub-region is calculated, and the above vector information is orderly sorted. A feature vector of 4×4×8=128 dimensions is obtained, and is normalized to generate the feature descriptor.
(6) Matching feature points In general, the Euclidean distance is used as the determine metric for the similarity of feature points in the two images after formatting the feature vector. The feature points are set for the left image as
, the feature points are set for the right image
, where l D and r D are the number of feature points in the left and right images respectively. Distance equation is written as:
The distance-ratio criterion is used to match feature points. On a certain feature point, it is assumed that the nearest Euclidean distance of the other image is 1 d , and the secondary near Euclidean distance is 2 d . 
Improved SIFT Algorithm Based on Wavelet Transform. The SIFT algorithm has strong edge response because of the DOG operator. This will lead the extracted feature points to mix with many edge response points, and then lower the stability of the SIFT algorithm. This is not conducive to the subsequent match and 3D information extraction of the obstacle. Aiming at the defect of SIFT algorithm, this paper proposes an improved SIFT algorithm based on wavelet transform.
Wavelet transform develops on the basis of Fourier. It has better localization characteristic, and could adjust the time-frequency window according to actual situation automatically [9] . So it is more suitable to display the abnormality of the normal signal, namely, image edge detection [10] [11] [12] .
The steps of the edge detection by wavelet transform are listed below:
(1) After performing wavelet transformation on the image for the scale J, and then to get the high-frequency detail components of the vertical direction and horizontal direction, expressed in   
(3) Calculate the modulus value of wavelet transform coefficient
, , As shown in the above, there is a good effect on edge extracted by wavelet transform. Therefore, the extracted edge points can be compared with feature points extracted by SIFT algorithm, then these edge response points generated by the DOG operator are removed for improving the robustness of SIFT algorithm. The comparison process is shown in Figure 3 . The coordinates of edge points extracted by wavelet transform are the integer value, so the coordinates of feature points should also be taken as integers. We assume that the candidate feature point set provided by SIFT algorithm is e, the candidate edge point set provided by wavelet transform is E. Specific steps are listed as follow: (1) The feature points of e are permuted according the abscissa coordinates since the childhood. If the abscissa coordinates are equal, then permute according to the vertical coordinates， denoted as e={(xek, yek),…, (xekmax, yekmax)}, where, kmax represents the maximum of k, namely the total number of the feature points; the edge points of E are also for the above arrangement, and the horizontal edge points are put in the Cm by size order(m=1,2,…), denoted as E={Cm,…,Cmmax}， where, mmax represents the maximum of m, namely the number of the sets.
(2) The first point of e1 and that of C1 make horizontal comparison. If greater, then continue to make the above comparison with the first point of C2 till less or the last set; if equal, continue to make vertical comparison with each point of C1, if verticals of them are equal, remove the feature point, and otherwise keep it; if less, this feature point is kept.
(3) The next feature point makes the horizontal comparison with the previous feature point. If greater, repeat step(2) directly. If equal, determine to whether the feature point is preserved according to the status of the foregoing feature point. If the foregoing feature point is removed, then find the corresponding Cm, and make the comparison with its edge points in the horizontal to judge whether to be preserved; if the previous feature point is preserved, repeat step(2).
The Experimental Process and Result Analysis
The Test Platform An experiment is performed by the facial images in this paper. The test platform is shown in Figure  4 . The 7-DOF manipulator is researched and designed independently. It consists of a guide rail, a screw, a slider, a waist joint and six parallel joints, and the advantages are easy to assemble and good flexibility. It can operate on large range. Binocular cameras and video acquisition card placed at the end of the manipulator are produced by Shanghai Tesla Company. The important parameters of binocular cameras are shown in Table 1 . In this paper, we calibrate binocular cameras by Zhang's calibration method, and the results are shown in Table 2 : 
  -50.664 2.699 0.185
Obstacle Detection Results Analysis
The Results of Feature Point Extraction and Matching. In order to verify the effectiveness of the improved algorithm, images are selected for two kinds of environments on the experimental platform, where textures are simple and complex. Simple environment is shown in Figure 5 . (a), and complex environment is shown in Figure 5. (b) . The green points are extracted by traditional SIFT algorithm in the left half of (a) and (b). The green feature points are extracted by the improved algorithm in the right half, where the red points are detected by the wavelet transform, namely the unstable edge points. Matching contrast results are shown in Figure 6 . between two algorithms for the simple and complex environments respectively, and the detailed data is shown in Table 3 . According the data in Table 3 , for simple environment, the improved algorithm can remove around 27% edge response points and around 8% unstable matching pairs; for complex environment, the improved algorithm can remove around 10% edge response points and around 14% unstable matching pairs. That proves the improved algorithm could further improve the stability of traditional SITT algorithm.
Matching Precision Analysis. RMSE [13] (Root Mean Square Error) method is used for the index of matching precision. The formulation is listed as follows:
Where, i p and
q is a pair of matching, k is the number of the pairs. Fifty are chased from the final matching pairs randomly to calculate for 30 times and take the average. The RMSE results of two algorithms for two environments are shown in Table 4 . According to the data in Table 4 , for the simple environment, the matching precision of traditional SIFT algorithm is 1.42, and that of the improved algorithm is 1.37. The precision improved 0.05 pixels. For complex environment, the matching precision of traditional SIFT algorithm is 3.23, and that of the improved algorithm is 3.05. The precision improved 0.18 pixels.
The results in Table 3 and 4 prove that the improved algorithm can enhance the anti-noise ability, stability and robustness of SIFT algorithm. Moreover, feature and edge points are permuted in a certain order and edge points of equal abscissas are put into the same set when comparing. This will reduce the operation time as short as possible on the basis of improving its performance.
The Verification of Obstacle Avoiding Experiment. Additional divergence velocity method is adopted in the experiment for avoiding the obstacle. Set the distance threshold for d=5cm. If the distance of the joint and obstacle is greater than d, the manipulator reach the specified position on the basis of RRT (Rapidly Exploring Random Tree). If the distance of the joint and obstacle is less than or equal to d, then obtain avoidance velocity X by the product Jacobian matrix J and joint velocity of the current joint, finally RRT algorithm is used to plan least cost path to reach the target point again.
Initial configuration of the manipulator in the experiment is [2. As shown in Figure 7 . the obstacle avoiding experiment proves the effectiveness of the improved algorithm in the actual application platform successfully.
Conclusions
This paper adopts binocular stereo cameras for obstacle detection in the environment which the manipulator operates. Firstly, the binocular cameras are calibrated, and the acquired images are preprocessed including the image graying and distortion correction. Aiming at the defect that feature points mixed with many edge response points are extracted by traditional SIFT algorithm, then we propose edge detection method based on wavelet transform to combine the advantages of both, further to remove possible edge response points from the candidate feature points. Finally, the 3D information of the obstacle is obtained after stereo matching of the finally feature points. By obstacle detection experiments of the typical two environments and the matching precision analysis, the results show that at least 10% unstable feature points and 8% matching pairs can be removed by the improved SIFT algorithm, which improves the stability and matching precision of the SIFT algorithm. In addition, the result of obstacle avoidance experiment also verifies the effectiveness of the improved algorithm in practical application.
